We have used a novel filter hybridization approach to detect and map the herpes simplex virus (HSV) DNA sequences which are present in four HSV thymidine kinase (HSVtk+)-transformed cell lines which were derived by exposure of thymidine kinase negative (tk-) mouse cells to UV light-irradiated HSV type 2 (HSV-2). In addition, we have mapped the HSV-1 DNA sequences which are present in two HSV-ltk+-transformed cell lines produced by transfection of tkmouse cells with sheared HSV-1 DNA. The results of these studies can be summarized as follows. (i) The only HSV DNA sequences which were common to all HSVtk+-transformed cells were those located between map coordinates 0.28 and 0.32. Thus, this region contains all of the viral DNA sequences which are necessary for the expression of HSV-mediated tk transformation. (ii) Many of the cell lines also contained variable amounts of non-tk gene viral DNA sequences located between map coordinates 0.11 to 0.57 and 0.82 to 1.00, suggesting that incorporation of the viral DNA sequences located between these map coordinates is a relatively random event. (iii) The viral DNA sequences located between map coordinates 0 to 0.11 and 0.57 to 0.82 were uniformly absent from all of the HSVtk+ cell lines tested, suggesting that there is a strong negative selective pressure against incorporation of these viral DNA sequences.
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During their lytic cycle, herpes simplex viruses have been shown to program the synthesis of a virus-specific thymidine kinase. (tk) enzyme (6, 15) . This tk has been shown to be distinct from both the nuclear and mitochondrial mouse and hamster cell enzymes with respect to a number of biochemical and immunological properties, including thennal stability, electrophoretic mobility, and antigenic specificity (16, 26) . The enzyme has been shown to belong to the ,B class (11) of viral proteins, in that its synthesis requires the presence offunctional early (a) viral polypeptides and is turned off late in infection by late (y) viral polypeptides (7, 18 ; R. Honess and B. Roizman, unpublished observations).
Munyon et al. (27) were the first to show that a small proportion of tk-negative (tk-) mouse cells could be stably transformed to the tk-positive (tk+) phenotype after exposure of the tkcells to UV light-irradiated herpes simplex virus type 1 (HSV-1). The tk enzyme made in such biochemically transformed cells has been shown to possess the biochemical and immunological characteristics of the tk produced during lytic HSV infections (4, 17, 26, 34 (24, 25, 29) , and which have mapped the HSV-1 tk gene between coordinates 0.27 and 0.35 (25) . The studies described in this paper were designed to both unambiguously map the HSV-1 and HSV-2 tk genes and to study the patterns of incorporation of non-tk gene viral DNA (20) . Surviving colonies were picked by using small glass cylinders and were further propagated in HAT-containing medium. Passage 15 of each of these cell lines was used in the experiments described below.
Assay of transformed-cell tk activity. HSV2tk+ cells between passages 50 to 100 were assayed for tk activity by using the method of Lin and Munyon (19) as modified by Rapp and Turner (30) . Both noninfected and infected (18 h with HSV-2 (333), at 2 PFU/cell) control cultures, composed of normal NclA cllO (tk-) and NIH Swiss mouse (tk+) cells, were also assayed.
To selectively inactivate the viral tk activity, cell extracts were incubated at 40°C for 30 min (28) .
Purification of viral DNA. Purification of viral DNA was performed as follows. Vero cells were infected with 5 PFU/cell of HSV in 199-V medium containing 1.5 juCi of [3H]thymidine (Amersham Corp.) per ml. After 20 h at 37°C, the infected cells were scraped into the medium and pelleted. The cell pellet was rinsed twice with cold phosphate-buffered saline and resuspended in lysis buffer (0.1 M NaCl, 0.01 M Tris-hydrochloride (pH 8.0), 0.01 M EDTA; 13 ml/109 cells). Sodium dodecyl sulfate (SDS) and pronase (Sigma Chemical Co.), pretreated according to Hotta and Bassel (12) , were added to final concentrations of 0.6% and 1 mg/ml, respectively, and the mixture was incubated at 37°C for 4 to 6 h. The lysis mixture was then diluted to a final volume of 150 ml with 0.01 M Tris-hydrochloride (pH 8.0)-0.001 M EDTA (TE) and added to 195 g of solid CsCl (Eastern Chemical). The refractive index of the resulting solution was adjusted to 1.4005, and the mixture was centrifuged at 40,000 rpm for 20 h at 20°C in a Beckman VTi5O rotor in an L-5 centrifuge. Fractions containing viral DNA were combined. The refractive index of this pooled peak material was readjusted to 1.4005 with a CsCl solution, and the resulting mixture was recentrifuged to equilibrium as described above. The viral peak material from these second gradients was pooled and dialyzed against TE buffer.
Mapping approach. The mapping approach which has been used to identify the viral DNA sequences present in the HSVtk+ cell lines is schematically represented in Fig. 1 . Basically, this approach involves three sequential steps: (i) an initial density gradient centrifugation step of the transformed-cell DNA, to enrich for transformed cell-associated viral DNA sequences, (ii) in vitro labeling of the gradient-selected DNA followed by a preselection hybridization to HSV DNA immobilized on nitrocellulose filters to further enrich for the cell-associated viral DNA sequences, and (iii) hybridization of the preselected transformedcell DNA to blots containing restriction enzyme fragments of HSV DNA.
(i) Extraction and CsCl density gradient centrifugation of transformed-cell DNA. DNA from either 1 Figure 2 shows the results of a reconstruction experiment in which a mixture of purified 32P-labeled HSV-2 DNA and 3H-labeled tk-cell DNA was sheared and subjected to equilibrium density centrifugation as described above. As shown in Fig. 2 been prewashed with 28x SSC. After filtration, the filter was washed with 10 ml of 28x SSC, dried overnight at room temperature, and baked at 80°C for 5 h. Eight replicate 2-mm-diameter filters were punched out of each 25-mm-diameter filter, with a leather punch. It was found that filtration in alkali as originally described by Baker (2) along with the use of very high salt (28x SSC) resulted in the best retention of HSV DNA.
Nitrocellulose "blots" containing various restriction enzyme fragments of HSV DNA were prepared as follows. HSV DNA was digested with restriction endonucleases (New England Biolabs), and subjected to (33) . After blotting, replicate blots were prepared by cutting the nitrocellulose filter into 3-mm vertical strips which were allowed to dry overnight at room temperature and then baked at 80°C for 5 h.
(iv) Preselection hybridizations. Nitrocellulose ifiters (2-mm diameter), prepared as described above and containing 1.5 tLg of immobilized denatured HSV DNA, were preincubated for 6 h at 65°C in a solution containing 6x SSC and 0.02% bovine serum albumin (BSA), 0.02% polyvinylpyrrolidone, and 0.02% Ficoll (5).
In vitro-labeled transformed-cell DNA (4 ug) was precipitated with ethanol in a 1.5-ml microfuge tube and resuspended by heating at 65°C for 30 (1 -f)pc (equation 1). It follows that for a piece of transformed-cell DNA of length L, Lf represents the minimum amount of viral DNA which must be contained in that piece if it is to be recovered from the density gradient preselection step.
Assuming that pv = 1.729 g/cm3, Pc = 1.690 g/cm3, p = 1.710 g/cm3, and L = 6 x 106 (i.e., the average size of the sheared transformed-cell DN4), then from equation 1 f = 0.5 and Lf = 3 x 106. Thds, any piece of integrated viral DNA of molecular weight V less than 3 x 10' will not be recovered from the CsCl gradient purification step. On the other hand, when the size of an integrated piece of viral DNA is greater than 3 x 106, all of the viral DNA sequences contained in this piece of integrated DNA wiU be recovered to some extent during the CsCl purification step. The exact fractional recovery of a given viral DNA sequence will depend upon its position X along the stretch of integrated viral DNA. The relationship between the fractional recovery F and the position X, for the viral DNA sequences contained in various pieces of integrated viral DNA of sizes V > Lf is shown in Fig. 3 . As seen in that figure, those viral DNA sequences located at both edges of the piece of integrated viral DNA (i.e., at X = 0 and X = V) will be recovered from the equilibrium density step with an efficiency of F = 1 -f which is independent of both L, the size of the sheared transformed-cell DNA, and V, the size of the integrated viral DNA sequence. As described above VOL. 33, 1980 (20) to select for tk+ cells. Surviving colonies were picked after 2 to 3 weeks and grown continuously for 15 to 20 passages in HAT-containing medium.
Characterization of the mapping approach. The mapping approach which we developed (Fig. 1) Specificity and sensitivity ofthe mapping approach. To assess the specificity of the mapping approach which is described above, DNAs from uninfected Vero and L tk-CllD cells, as well as calf thymus DNA were processed through the preselection steps described above and hybridized to blots containing restriction enzyme fragments of viral DNA. Autoradiograms of these blots were devoid of identifiable bands (data not shown).
In an attempt to determine the sensitivity of this approach as regards unintegrated viral DNA sequences, either 3 x 10-2 or 3 x 10-l jig of purified viral DNA (representing 1.0 and 10 copies per cell, respectively) were added to lysates of 2 x 108 CllD tk-cells, and the resultant mixtures were sequentially processed as described above. The band patterns of these reconstruction hybridizations were compared to those of control hybridizations in which replicate nitrocellulose blots were hybridized to purified, in vitro-labeled HSV DNA. The results of these hybridizations are shown in Fig. 4 and 5 and revealed the following. (i) As seen in Fig. 4 , the mapping approach is sufficiently sensitive to detect an unintegrated piece of HSV DNA of size 106 (e.g., KpnI fragment S, 1.1 x 106 in molecular weight), present in an average abundance of one copy per cell. (ii) In Fig. 5 , we compared the relative molarities of the corresponding bands from the reconstruction and control hybridizations. As seen in that figure, there was no significant difference between the molarities of the control and reconstruction bands, indicating that the preselection steps did not result in the loss of specific subsets of viral DNA sequences. (iii) To determine whether the mapping approach described above would yield information concerning the number of copies per cell of the viral DNA sequences present in a given transformed cell line, we compared the absolute intensities of corresponding bands from autoradiograms of the 1 and 10 copy per cell reconstruction experiments. These ratios ranged from 7.9 to 21.9 (Table 2) . Thus, the technique is quantitative within limits of approximately twofold error.
Because the buoyant density of cell-associated HSV DNA sequences depends upon whether these sequences are integrated into the host genome, it was also necessary to consider the sensitivity of the mapping approach for integrated transformed-cell associated HSV DNA sequences. Whether a specific sequence of integrated viral DNA will be recovered from the 4 33, 1980 0. . experimentally or theoretically determine the absolute sensitivity of the mapping approach for all cases of integrated viral DNA sequences. However, in the theoretical treatment presented above, we have calculated the fractional recovery (from the CsCl density gradient) of the viral DNA sequences contained in pieces of viral DNA of average buoyant density, which are integrated into cellular DNA of average buoyant density. These calculations predict that, by using our experimental conditions, any HSV DNA sequence which is present in a piece ofintegrated viral DNA of molecular weight greater than 3 x 10 will be recovered from the CsCl gradient preselection step with a minimum efficiency of 50%.
Mapping of the HSV-2 DNA sequences present in HSV-2tk+ 33A+ cells. Cell line 33A+ was produced by infection of tk-mouse cells with UV light-irradiated HSV-2 (333).
DNA extracted from passage 50 of this cell line was preselected and hybridized, as described above, to blots containing either the KpnI or EcoRI/HpaI restriction enzyme fragments of HSV-2 (G) DNA. The results of these hybridizations (Fig. 6) can be summarized as follows. (i) The maps generated from the two different restriction enzyme cleavages used in these experiments were in agreement and indicated that this cell line contains a contiguous set of HSV-2 (G) DNA sequences located between map coordinates 0.14 and 0.57. (ii) A comparison of the intensities of the bands produced by 33A+ DNA with those produced by the 1 copy per cell reconstruction mixture, which was hybridized to replicate nitrocellulose blots, revealed that 33A+ cells contain between 1 and 5 copies per cell of these HSV-2 DNA sequences (Fig. 6) . (iii) To assess the reproducibility of the mapping approach, two additional preparations of 33A+ DNA (passages 60-70) were separately preselected and hybridized to different sets of filters and blots containing HSV-2 DNA. The three preparations of transformed-cell DNA yielded identical hybridization patterns (Fig. 6) .
Mapping of the viral DNA sequences present in three additional HSV-2tk+ trans- (Fig. 6 and 7 ) reveals that the only region of the HSV-2 genome which is comEcoRI/HpaI sufficient sensitivity to detect a small piece of In the studies reported in this paper, we have HSV DNA which is present in an average abundescribed a novel mapping approach which has dance of 1 copy per cell. Thus, this procedure allowed the simultaneous detection and identi-could be applied in studies of cells transformed fication of the HSV DNA sequences which are by other viruses containing genomes which dis- these sequences encode any of the known lytic functions of HSV, the expression of these lytic functions must be suppressed in the transfonned cells. Second, it has been previously suggested that some of these non-tk gene viral DNA sequences may exert a positive regulatory effect on viral tk gene expression in these cells and may, therefore, be positively selected for during propagation of the cells in HAT medium (17) . This possibility currently seems unlikely in light of the fact that none of the HSVtk+ cell lines tested in this study contain the viral DNA sequences which are known to encode the early (a) viral genes.
The results shown in Fig. 10 , when taken together with the mapping data of four additional HSV-ltk+ transformants to be presented elsewhere, have also revealed that there are two regions of the viral genome which appear to be uniformly absent from most, if not all, HSVtk+ transformants. These regions are located between map coordinates 0 to 0.06, and 0.57 to 0.82. One can envision at least two alternative explanations for the uniform absence of these VOL. 33, 1980 Patterns of incorporation of HSV DNA during HSV-mediated tk transformation. Our mapping studies have revealed that some of the HSV-2tk+ cell lines which we have examined (cell lines 39A+, 59D+, and Silow) contain viral DNA sequences which were present in very low abundance. One can envision at least two underlying mechanisms which could generate these observed abundance pattems. First, it is possible that each of these cell lines represents the product of several independent transformation events (of several different cells), all of which resulted in the incorporation of the tk gene, but each of which involved the incorporation of a different set of contiguous non-tk gene viral DNA sequences. This is possible given that the HSV-2tk+ cell lines used in these studies were not extensively cloned. Alternatively, it is possible that these cell lines may have been the product of a single transformation event, but that following the initial cloning in HAT medium there was a period of loss of non-tk gene viral DNA sequences from selected cells within the originally uniform population. These 
